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We discovered a potassium ion-dependent trehalose phosphorylase (Bsel_1207) belonging to glyco-
side hydrolase family 65 from halophilic Bacillus selenitireducens MLS10. Under high potassium ion
concentrations, the recombinant Bsel_1207 produced in Escherichia coli existed as an active dimeric
form that catalyzed the reversible phosphorolysis of trehalose in a typical sequential bi bi mecha-
nism releasing b-D-glucose 1-phosphate and D-glucose. Decreasing potassium ion concentrations sig-
niﬁcantly reduced thermal and pH stabilities, leading to formation of inactive monomeric
Bsel_1207.
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Bsel_1207 and Bsel_1207 bind by molecular sieving (View interaction)
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Bacillus selenitireducens MLS10 is a halophilic anaerobe isolated
from a saline lake, and it grows optimally in an environment con-
taining a salinity of 0.4–1 M NaCl [1]. Generally, halophilic micro-
organisms inhabiting high saline environments possess adaptive
abilities for osmotic compensation; for instance, bacteria survive
high salt stress by accumulating potassium ions in the cytoplasm
[2]. In addition, osmotic pressure is typically controlled by uptake
from the environment and/or intracellular biosynthesis of compat-
ible solutes such as polyols (sorbitol, mannitol), amino acids (pro-
line, glutamate, glutamine), and sugars (sucrose, trehalose) [3].
Trehalose is a representative sugar that is a protective compat-
ible solute and also functions as a carbon source for energy [4,5]. In
anaerobic bacteria, trehalose is often catabolized intracellularly by
phosphorylase, a class of exo-lytic substrate-speciﬁc enzymes that
catalyze the phosphorolysis of glycosides to produce saccharide1-phosphate [6–8]. These enzymes allow anaerobic bacteria to efﬁ-
ciently consume energy by using inorganic phosphate to directly
phosphorylate saccharide residues without consuming ATP
through an ATP-dependent carbohydrate kinase.
In this study, we noticed that a trehalose phosphorylase homolo-
gous protein (Bsel_1207) belonging to glycoside hydrolase family
(GH) 65 is encoded in the genome of halophilic anaerobe B. seleniti-
reducens MLS10. We here report the ﬁrst identiﬁcation of a potas-
sium ion-dependent trehalose phosphorylase, and we hypothesize
this enzyme is involved in cytoplasmic osmotic control.
2. Materials and methods
2.1. Construction of expression plasmid
Bsel_1207 (GenBank ID: ADH98720) was ampliﬁed by PCR from
genomic DNA of B. selenitireducens MLS10, using KOD-plus DNA
polymerase (Toyobo, Osaka, Japan) with the following oligonucle-
otides based on the genome sequence (GenBank ID: CP001791):
50-atggctagcagttggcacatatcatc-30 as the forward primer containing
an NheI site (underlined) and 50-tttctcgagtgcgtgcaggagagtctg-30 as
the reverse primer containing a XhoI site (underlined). The ampli-
ﬁed bsel_1207 was puriﬁed with a FastGene Gel/PCR Extraction Kit
(Nippon Genetics Co., Tokyo, Japan), digested by NheI and XhoI
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(+) (Novagen, Madison, WI, USA) to encode a His6-tag fusion at the
C-terminus of the recombinant protein. The expression plasmid
bsel_1207/pET24awaspropagated inEscherichia coliDH5a (Toyobo),
puriﬁed by FastGene Plasmid Mini Kit (Nippon Genetics Co.), and
veriﬁed by sequencing (Operon Biotechnologies, Tokyo, Japan).
2.2. Recombinant Bsel_1207 preparation
An E. coli BL21 (DE3) (Novagen) transformant harboring
bsel_1207/pET24a was grown at 37 C in 200 ml of Luria–Bertani
medium (1% tryptone, 0.5% yeast extract, and 0.5% NaCl) contain-
ing 50 lg/ml kanamycin, until the absorbance reached 0.6 at
600 nm. The expression was induced by 0.1 mM isopropyl b-D-
thiogalactopyranoside and continued at 18 C for 24 h. The cells
were harvested by centrifugation at 10000g for 20 min and sus-
pended in 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES)–KOH (pH 7.5) containing 500 mM KCl (buffer A).
The suspended cells were disrupted by sonication (Branson soniﬁer
250A, Branson Ultrasonics, Emerson Japan, Kanagawa, Japan). The
supernatant collected by centrifugation at 20000g for 20 min
was applied to a HisTrap FF column (GE Healthcare, Buckingham-
shire, UK), equilibrated with buffer A containing 10 mM imidazole,
by using an ÄKTA prime (GE Healthcare). After washing with buffer
A containing 22 mM imidazole and subsequent elution using a 22–
400 mM imidazole linear gradient in buffer A, fractions containing
Bsel_1207 were pooled, dialyzed against buffer A, and concen-
trated (AMICON Ultra; Millipore, Billerica, MA, USA). The protein
concentration was determined spectrophotometrically at 280 nm
using a theoretical extinction coefﬁcient of e = 127090 cm1 M1,
based on the amino acid sequence [9]. The molecular mass of puri-
ﬁed Bsel_1207 was estimated by SDS–polyacrylamide-gel electro-
phoresis (SDS–PAGE, Mini-PROTEAN Tetra electrophoresis system;
Bio-Rad Laboratories, Hercules, CA, USA). To investigate the oligo-
meric state of Bsel_1207, gel ﬁltration using HiLoad 26/600 Super-
dex 200 pg (GE Healthcare) was conducted using Marker Proteins
for Molecular Weight Determination on High Pressure Liquid Chro-
matography (Oriental Yeast Co., Tokyo, Japan) as standards.
Bsel_1207 was dialyzed against 20 lM HEPES–KOH (pH 7.5) con-
taining 0, 10, and 250 mM KCl and applied to the gel ﬁltration col-
umn equilibrated with 10 mM HEPES–KOH buffer (pH 6.5)
containing 250 mM KCl, at a ﬂow rate of 0.5 ml/min.
2.3. Measurement of enzymatic activity
The phosphorolytic activity was determined by quantifying D-
glucose or b-D-glucose 1-phosphate (bGlc1P) released during the
reaction in 40 mM HEPES–KOH (pH 6.5), 250 mM KCl, 10 mM
substrate, and 10 mMphosphate at 30 Cby glucose oxidase–perox-
idase method [10] as described previously [11] or b-phosphogluco-
mutase–glucose 6-phosphate dehydrogenase method [12],
respectively. One unit of the phosphorolytic activity was deﬁned
as the amount of enzyme that catalyzed the liberation of 1 lmol of
D-glucose or bGlc1P from the substrate per min under the above
conditions.
Synthetic activity was routinely determined by measuring an
increase in phosphate using a reaction mixture containing
10 mM bGlc1P, 10 mM acceptor candidate, and 250 mM KCl in
40 mM sodium acetate (pH 6.0) at 30 C by following the method
of Lowry and Lopez [13] as described previously [11].
2.4. pH and temperature proﬁles and substrate speciﬁcity analysis
The effects of pH on the enzymatic activity for phosphorolysis
and synthesis of trehalose using 65 nM Bsel_1207 was measured
under the standard conditions described above, by substituting40 mMHEPES–KOH (pH 6.5) with the following 40 mM buffers: so-
dium citrate (pH 3.0–5.5), bis(2-hydroxyethyl)aminotris(hydroxy-
methyl)methane–HCl (pH 5.5–7.0), HEPES–NaOH (pH 7.0–8.5),
and glycine–NaOH (pH 8.5–10.5). Similarly, the effect of tempera-
ture on the phosphorolytic activity was measured under the stan-
dard conditions at various temperatures for 10 min.
The phosphorolytic activities on a-linked glucobioses (treha-
lose, kojibiose, nigerose, maltose, and isomaltose) were examined
under the standard conditions using 2 nM Bsel_1207 by quantify-
ing the D-glucose released. The synthetic activities with D-glucose
and glucose 6-phosphate were examined under the standard con-
ditions using 65 nM Bsel_1207 by quantifying the phosphate
released.
2.5. Salt dependence analysis
Salt dependence of the phosphorolytic activity on trehalose was
examined under the standard conditions using 2 nM Bsel_1207
dialyzed against 20 lM HEPES–KOH (pH 7.5) containing 1 M KCl,
NaCl, LiCl, RbCl, CsCl, MgCl2, or 500 mM K2SO4. Effect of KCl con-
centrations on the phosphorolytic activity was investigated under
the standard conditions using 2 nM Bsel_1207 dialyzed against
20 lM HEPES–KOH (pH 7.5) containing 5–1000 mM KCl. Thermal
and pH stabilities of 2 nM Bsel_1207 dialyzed against 20 lM
HEPES–KOH (pH 7.5) containing 0–250 mM KCl were evaluated
by measuring the residual phosphorolytic activity on trehalose un-
der the standard conditions after incubation at various tempera-
tures for 15 min or in the various pH values at 4 C for 36 h,
respectively.
2.6. Kinetic analysis
The initial velocities of the phosphorolytic reaction were deter-
mined under the standard conditions with 65 nM Bsel_1207 and a
combination of initial concentrations of trehalose (0.50, 1.0, 2.0,
3.0, 5.0, and 10 mM) and phosphate (0.50, 1.0, 2.0, 3.0, 5.0 and
10 mM). The kinetic parameters were calculated by curve-ﬁtting
the experimental data with the curve of Eq. (1) for a sequential
bi bi mechanism using GraFit version 7.0.2 (Erithacus Software
Ltd, London, UK).
m ¼ Vmax½A½B=ðK iAKmB þ KmB½A þ KmA½B þ ½A½BÞ
ðA ¼ trehalose;B ¼ phosphateÞ ð1Þ
Kinetic analysis of the synthetic reaction was performed at
30 C under the standard conditions with 65 nM Bsel_1207 and
various concentrations of D-glucose (1.0, 2.0, 3.0, 5.0, 10, 20, and
70 mM) as the acceptor or bGlc1P (0.1, 0.2 0.3, 0.5, 1, 2, and
3 mM) as the donor in the presence of 10 mM bGlc1P or 20 mM
D-glucose, respectively. The kinetic parameters were calculated
by curve ﬁtting the experimental data to the Michaelis–Menten
equation {v = kcat [E]0 [S]/(Km + [S])} using GraFit version 7.0.2.
2.7. Structural determination of reaction product
The reaction product for structural determinationwas generated
in 1 ml of reaction mixture containing 22 lM Bsel_1207, 50 mM
bGlc1P, 50 mM D-glucose, and 250 mM KCl in 40 mM HEPES–KOH
(pH 6.5). The reaction mixture was incubated at 30 C for 24 h, fol-
lowed by desalting using Amberlite MB-3 (Organo, Tokyo, Japan).
The reaction productwas separated on a Toyopearl HW-40S column
(50 mm internal diameter  90 cm; Tosoh, Tokyo, Japan), equili-
brated with distilled water, at a ﬂow rate of 1.0 ml/min. Fractions
containing the reaction product were collected and lyophilized;
8 mg (23 lmol, yield 47%) of product was obtained. 1H NMR spectra
of the product were acquired in D2O using a Bruker DMX 600
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ture of isolated product was conﬁrmed by comparing 1H and 13C
NMR data with those of an authentic trehalose standard.
3. Results and discussion
3.1. Gene cloning, expression, and puriﬁcation of recombinant
Bsel_1207
A GH65 homologous protein (Bsel_1207) from halophilic B. sel-
enitireducens MLS10 exhibits 43% sequence identity and 62% simi-
larity with trehalose phosphorylase from Thermoanaerobacter
brockii [14]. Phylogenetic tree analysis also categorizes it as treha-
lose phosphorylase (Fig. S1). In addition, two amino acid residues,
which are strictly conserved in GH65 trehalose phosphorylases and
have been predicted to form hydrogen bonds with C-2 and C-3 hy-
droxyl groups of a glucose unit at subsite +1 in trehalose phosphor-
ylase from Caldanaerobacter subterraneus [15], were observed in
Bsel_1207 (Arg403 and A316, respectively). SignalP 4.0 analysis
(http://www.cbs.dtu.dk/services/SignalP/) [16] of Bsel_1207
showed no predicted N-terminal signal peptide. These results sug-
gest that Bsel_1207 is involved in the metabolism of trehalose in
the cytoplasm. In this study, we cloned the bsel_1207 from the
genomic DNA of B. selenitireducens MLS10 and expressed it as a
His6-tag fusion protein in E. coli BL21 (DE3) to investigate its enzy-
matic properties. Approximately 19 mg of puriﬁed protein was ob-
tained from the cell lysate of a 200 ml culture. The puriﬁed
Bsel_1207 migrated in SDS–PAGE as a single protein band with
an estimated size of approximately 88 kDa in agreement with the
theoretical molecular mass of 87,899.
3.2. Speciﬁcity analysis of Bsel_1207 in phosphorolysis and synthetic
reaction
The phosphorolytic activity of Bsel_1207 toward several a-
linked glucobioses including trehalose (a1,a1), kojibiose (a-1,2),
nigerose (a-1,3), maltose (a-1,4), and isomaltose (a-1,6) was
examined. In the presence of inorganic phosphate, Bsel_1207
phosphorolyzed only trehalose with inversion of the anomeric con-
ﬁguration releasing b-Glc1P and D-glucose, indicating that
Bsel_1207 is a trehalose phosphorylase in agreement with the re-
sults of sequence analysis. The double reciprocal plots of initial
velocities against various initial concentrations of trehalose and
inorganic phosphate gave a series of lines intersecting at a point
(Fig. S2), indicating that the phosphorolytic reaction follows a
sequential bi bi mechanism. Kinetic parameters that appear in
Eq. (1) for the sequential bi bi mechanism (see Section 2) were cal-
culated to be kcat = 210 s1, KmA = 0.86 mM, KmB = 0.14 mM, and
KiA = 95 mM, where A and B represent trehalose and inorganic
phosphate, respectively. In addition, Bsel_1207 catalyzed the
synthesis of single disaccharide from b-Glc1P and D-glucose asTable 1
Effect of various salts on the phosphorolysis of trehalose.
Salts Speciﬁc activity (units/mg) Residual activity (%)
KCl 118 100
NaCl 2.60 2.2
LiCl 3.54 3.0
RbCl 3.66 3.1
CsCl 3.90 3.3
K2SO4 115 97
MgCl2 1.06 1.0
None 4.13 3.5
Salt dependence of the phosphorolytic activity on trehalose was examined using
2 nM Bsel_1207 dialyzed against 0.02 mMHEPES–KOH (pH 7.5) containing 1 M salt.the donor and acceptor, respectively, and the disaccharide product
was identiﬁed to be a trehalose by 1H NMR spectroscopic analysis.
Kinetic parameters that appear in Michaelis–Menten equation
were determined for the synthetic reaction. The Km and kcat values
for D-glucose were 5.5 mM and 60 s1, respectively, and those for
b-Glc1P were 2.0 mM and 68 s1, respectively. These kinetic
parameters for the phosphorolysis and synthesis of trehalose are
in the same range as those of other inverting phosphorylases
[11,17–22]. Together with an observation that Bsel_1207 did not
utilize D-glucose 6-phosphate as the acceptor in the synthetic reac-
tion, these parameters suggest that trehalose is the true substrate
of Bsel_1207.
3.3. Potassium ion-dependence of Bsel_1207
After puriﬁcation of recombinant Bsel_1207, removing of KCl
from the enzyme solution drastically reduced the enzyme re-
sponse. Therefore, we dialyzed Bsel_1207 against solutions of var-
ious salts at pH 7.5, and the residual activity was measured
(Table 1). Surprisingly, no activity was maintained in the absence
of potassium ion, suggesting that Bsel_1207 strictly recognizes
the potassium ion and that the monovalent cation is essential for
the enzymatic activity. To investigate the effect of the concentra-
tion of potassium ion on the enzymatic activity, Bsel_1207 was dia-
lyzed against various concentrations of KCl solution at pH 7.5, and
the residual activity was measured (Fig. 1). Bsel_1207 showed
maximum activity at concentrations of KCl above 250 mM, with
a signiﬁcant reduction in activity at lower concentrations of KCl.
Under the optimal condition containing 250 mM KCl, Bsel_1207
showed the highest phosphorolytic activity on trehalose at 50 C
and pH 6.5, whereas the optimum pH for the synthetic reaction
was pH 6.0 (Fig. S3). Bsel_1207 was stable up to 55 C for 15 min
and in the range of pH 7.0–10 in the presence of 250 mM KCl
(Fig. 2). However, decreasing concentrations of KCl signiﬁcantly re-
duced thermal and pH stabilities, particularly in acidic conditions.
The oligomeric state of Bsel_1207 in solution was investigated
by gel ﬁltration analysis using Bsel_1207 dialyzed against different
concentrations of KCl solution at pH 7.5. The molecular mass of
Bsel_1207 under the optimal condition containing 250 mM KCl
was estimated to be approximately 170 kDa (Fig. 3), whereas that
of Bsel_1207 estimated by SDS–PAGE was approximately 88 kDa.
These results suggest that Bsel_1207 exists as an active homodi-
mer in solution, in agreement with a reported GH65 trehalose
phosphorylase from T. brockii [14]. Noticeably, the area of the peak
corresponding to dimeric Bsel_1207 decreased and a peak corre-
sponding to monomeric form appeared with decreasing concentra-
tions of KCl (Fig. 3), suggesting that dimeric Bsel_1207, which is
stabilized in the presence of KCl, dissociated into inactiveFig. 1. Effect of KCl on the phosphorolytic activity of Bsel_1207. The residual
phosphorolytic activity on trehalose was measured using Bsel_1207 (2 nM)
dialyzed against 20 lM HEPES–KOH (pH 7.5) containing 5–1000 mM KCl.
Fig. 2. Effects of KCl on the pH and thermal stabilities of Bsel_1207. The pH (A) and
thermal (B) stabilities of 2 nM Bsel_1207 dialyzed against 20 lM HEPES–KOH (pH
7.5) containing 0 mM (ﬁlled circles), 10 mM (open circles), 50 mM (ﬁlled squares),
100 mM (open squares), and 250 mM (ﬁlled triangles) KCl were evaluated by
measuring the residual phosphorolytic activity on trehalose.
Fig. 3. Analysis of the oligomeric state of Bsel_1207 in solution. (A) Calibration
curve. The following proteins were used as the standards: (1) glutamate dehydro-
genase (290 kDa), (2) lactate dehydrogenase (140 kDa), (3) enolase (67 kDa), and (4)
myokinase (32 kDa). (B) Elution proﬁles. The protein standards (a) and Bsel_1207
(216 lM) dialyzed against 20 lMHEPES–KOH (pH 7.5) containing 0 mM (d), 10 mM
(c), and 250 mM (b) KCl were applied to the gel ﬁltration column.
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cyclomaltodextrinase (EC 3.2.1.54) likewise depends on the salt
concentration [23]. The dodecamer dissociates into dimeric units
with increasing concentrations of KCl. The dissociation of dimeric
form of Bsel_1207 with decreasing concentrations of KCl is an
opposite case of the cyclomaltodexztrinase.
3.4. Physiological role of Bsel_1207
Trehalose is well-known as a storage carbohydrate and also
functions as a stress-protectant to survive desiccation, cold, and os-
motic stress [4]. For example, Corynebacterium glutamicum [24],
Chromohalobacter salexigens [25], Saccharomyces cerevisiae [26],
and Euglena gracilis [27] all have been reported to synthesize treha-
lose to regulate cytoplasmic osmotic pressure. Generally, trehalose
is synthesized intracellularly from UDP-glucose or GDP-glucose via
trehalose 6-phosphate by a sequential reaction of trehalose
6-phosphate synthase (EC 2.4.1.15 or EC 2.4.1.36) [28,29] and tre-
halose 6-phosphate phosphatase (EC 3.1.3.12) [28]. In addition,
trehalose is directly synthesized from ADP-glucose by trehalose
synthase (EC 2.4.1.245) [30]. Furthermore, a synthetic pathway ex-
ists for trehalose from starch or maltose by a sequential reaction of
maltooligosyl trehalose synthase (EC 5.4.99.15) [31] and maltooli-
gosyl trehalose trehalohydrolase (EC 3.2.1.141) [32] or a single
reaction of trehalose synthase (EC 5.4.99.16) [33], respectively.
However, halophilic B. selenitireducens does not possess any of
these enzymes. We therefore hypothesize that Bsel_1207 is in-
volved in the intracellular biosynthesis of trehalose. On the other
hand, trehalose could be transported from external sources into
the cytoplasm by an ATP-binding cassette (ABC) transporter sys-
tem [34] or a phosphoenolpyruvate: carbohydrate phosphotrans-
ferase (PTS) system [35]. The external trehalose transported by
the ABC transporter system is catabolized by GH15 [36] or GH37
[37] trehalase (EC 3.2.1.28), or trehalose phosphorylase belongingto GH65 (EC 2.4.1.64) [14] or GT4 (EC 2.4.1.231) [38]. In the PTS
system, trehalose is phosphorylated into trehalose 6-phosphate
and is degraded by GH13 trehalose 6-phosphate hydrolase (EC
3.2.1.93) [39] or GH65 trehalose 6-phosphate phosphorylase (EC
2.4.1.216) [40]. B. selenitireducens possesses a trehalose 6-phos-
phate hydrolase (Bsel_2745) and both transporters involved in
the uptake of trehalose: the PTS system (Bsel_2511), which shows
72% sequence similarity with trehalose-speciﬁc PTS enzyme II from
Bacillus subtilis [41], and the ABC transporter system (Bsel_1458,
Bsel_1459, Bsel_1460) including solute-binding protein (Bsel_
1457), which exhibits 53% sequence similarity with trehalose/
maltose-binding protein from Thermococcus litoralis [42]. Together
with the acceptor speciﬁcity of Bsel_1207 that is unable to utilize
D-glucose 6-phosphate in the synthetic reaction, the sequence
analysis speculates that Bsel_1207 would be involved in osmotic
control through the biosynthesis of trehalose and catabolism of
trehalose that is transported into the cytoplasm by the ABC trans-
porter system.Acknowledgments
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